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In this work, application of Luffa cylindrica in malachite green (MG) removal from aqueous solution
was studied in a batch system. The effect of contact time, pH and temperature on removal of malachite
green was also investigated. By the time pH was increased from 3 to 5, the amount of sorbed malachite
green also increased. Beyond the pH value of 5, the amount of sorbed malachite green remains constant.
The fits of equilibrium sorption data to Langmuir, Freundlich and Dubinin-Radushkevich equations were
investigated. Langmuir isotherm exhibited best fit with the experimental data. Monolayer sorption capac-
ity increased with the increasing of temperature. Sorption kinetic was evaluated by pseudo-first-order,
pseudo-second-order, Elovich rate equations and intraparticle diffusion models. It was inferred that sorp-
tion follows pseudo-second-order kinetic model. Thermodynamic parameters for sorption process were
also found out. Spontaneous and endothermic nature of sorption was obtained due to negative value of
free energy (AG°) and positive value of enthalpy (AH°) changes. FTIR analyses were also conducted to
confirm the sorption of malachite green onto L. cylindrica.
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1. Introduction

Dyes are widely used in industries such as textiles, leather,
paper, plastics, etc. to color their final products. Wastewater con-
taining even a small amount of dyes can severely affect the aquatic
life due to the reduction of light penetration and their toxicity
[1] Many dyes and color effluents are toxic and have carcino-
genic and mutagenic effects that influence environment and also
human. Dye removal from wastewater effluent is a major environ-
mental problem because of the difficulty of treating such streams
by conventional physical, chemical, physico-chemical and biolog-
ical treatment methods. Many physical and chemical treatment
methods including adsorption, coagulation, precipitation, filtra-
tion, electrodialysis, membrane separation and oxidation have
been used for the treatment of dye-containing effluents [2,3].
Adsorption process is one of the most effective and economically
feasible methods for the removal of dyes from aqueous solu-
tions.

Various kind of adsorbents which have been reported such as
activated carbon [4], sugarcane dust, algae, red algae [5], macro
fungus [6], green alga [7], lichen [8], saw dust, bottom ash, fly
ash, de-oiled soya, maize cob, peat, iron humate, mixed sorbents,
microbial biomass, activated slag, waste product from agriculture,
bentonite, magnetic nanoparticle, coal were used for the removal
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of color and trace elements from wastewater [9]. Activated carbon
which has high adsorption capacity for organic matters remains an
expensive material.

Malachite green (MG) is most commonly used for the dying of
cotton, silk, paper, leather and also in manufacturing of paints and
printing inks. It is also extensively used as a bactericide, fungicide
and parasiticide in aquaculture industries worldwide. Malachite
green is highly toxic to mammalian cells and causes kidney tumors
in mice and reproductive problems in rabbit and fish [10].

Adsorption of malachite green on activated carbon has been
reported elsewhere [11,12]. Also a number of non-conventional
sorbents has been studied in the literature for their capacity to
remove malachite green from aqueous solutions, such as Prosopis
cineraria[13], hen feathers [14], modified rice straw [15] and carbon
based adsorbents [16].

Luffa cylindrica is produced abundantly in many developing
countries within the tropical and subtropical zones, primarily for
use in bathing and washing. L. cylindrica, a natural material con-
sisting of cellulose and lignin (1.4:2.9% of sponge dry weight) [17],
belongs to Cucurbitaceae family. L. cylindrica has fruits possessing
a netting-like fibrous vascular system (Luffa sponges). The struts
of this natural sponge are characterized by microcellular architec-
ture with continuous hollow micro channels (macro pores with
diameter of 10-20 wm) which form vascular bundles and yield a
multimodal hierarchical pore system. It is used as a vegetable either
prepared like squash or eaten raw like cucumbers [18]. Recently,
Luffa sponges have been applied as cell carriers in bioreactors [19],
scaffolds for tissue engineering [20] and for the development of
biofiber-reinforced composites [21].
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Fig. 1. a) Sponge guard and b) outer mat core.

In this study L. cylindrica fibers have been used for malachite
green removal from aqueous solution at different temperature and
pH values. Thermodynamic and kinetic parameters have also been
investigated.

2. Materials and methods

Malachite green used in this study was purchased from Carlo
Erba. Its chemical formula and molecular weight are C;3H,5CIN;
and 364.90 g mol~!, respectively. HCl was obtained from Riedel-
de Haen. L. cylindrica which was shown in Fig. 1 was purchased
from a local specialty shop in Izmir; Turkey. To separate the inner
fiber core from outer mat core, the as-received sponge-gourd was
cut carefully. Only the outer mat core of Luffa was utilized in this
study. Luffa fibers were dipped in 2% NaOH solution for about
60 min. NaOH was purchased from Riedel-de Haen. Treated Luffa
fibers were washed with distilled water until a neutral pH was
reached and then dried at 60 °C for 24 h. Thereafter, they were cut
to 2-3 mm.

Batch adsorption technique was performed by adding 0.05g
alkalized L. cylindrica (AL) into conical flasks containing 20 mL of
different initial concentrations (20-100 mgL~1) of aqueous solu-
tion of malachite green at 15, 25 and 35 °C temperatures. The flasks
were subjected to agitation in GFL 1086 isothermal water-bath
shaker at 200 rpm at different temperatures for 5 h to reach equilib-
rium state. Supernatant liquid was taken from the solutions and the
concentrations were analyzed by using UV/Vis spectrophotometer
(Shimadzu, Model UV 1601) at 618 nm.

The amount of uptake of malachite green by the AL in the equi-
librium, ge (mgg~1) was estimated as follows:

(CO - Ce) v

R e (1)

where V is the volume of solution and m is the mass of sorbent
used in this study. Cy (mgL-1) and C. (mgL-1) are the initial and
equilibrium concentration of malachite green, respectively.

The effect of pH on adsorption of MG onto AL has been monitored
at different pH values (3-10) (Inolab WTW). Experimental condi-
tions such as, initial dye concentration, shaking time, temperature
and the amount of adsorbent were fixed at 20 ppm, 200 min~!,
308K, 0.05¢g of AL fibers. The pH values of initial solutions were
adjusted by adding a few drops of diluted 0.1 N NaOH or 0.1 N HCL.

For kinetic studies, 0.05g of AL was contacted with 20mgL~!
malachite green solutions (20mL) using a water-bath shaker
at 200rpm at different temperatures. At predetermined time

intervals, the amount of uptake malachite green was evaluated
spectrophotometrically.

Infrared spectral analyses of AL and malachite green sorbed
AL (MGAL) were conducted by using Perkin Elmer FTIR spec-
trophotometer (Spectrum BX-II). KBr pellets were prepared for the
measurements.

3. Results and discussion
3.1. Sorption kinetics

The effect of contact time on sorption of malachite green onto
AL at different temperatures was shown in Fig. 2. As can be seen
from Fig. 2, the amount of sorbed MG is rapid at early stages and
becomes slow with increasing of time and gradually approaches
equilibrium state. When Fig. 2 was taken into account, 5 h may be
considered as sufficient time to reach equilibrium state.

To gain a better understanding adsorption kinetics and rate-
limiting step, several kinetic models were used. These kinetic
models are Lagergren-first-order model, pseudo-second-order
kinetic model, Elovich’s model and Intraparticle diffusion model.

Lagergren equation was used to investigate the suitability of
pseudo-first-order kinetic model and obtain rate constants [22].
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Fig. 2. Effect of contact time on sorption of malachite green onto Luffa cylindrica
(Co=20mgL-").
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Table 1
Kinetic parameters for the sorption of MG onto L. cylindrica.
288K 298K 308K
Ge,exp (MgE™") 9.76 9.68 9.92
Lagergren-first-order
ki (min—1) 0.053 0.053 0.018
ge (mgg1) 16.71 37.33 2.01
R? 0.935 0.775 0.532
Pseudo-second-order equation
ky (gmg' min-1) 0.004 0.009 0.013
ge (mgg™1) 10.02 10.13 10.67
t1j> (min) 24.95 10.97 7.21
ho2 (mgg~"' min~') 0.40 0.92 1.48
R? 0.999 0.998 0.996
The Elovich equation
o4 2.45 52.48 2.11
B 1.42 1.01 2.13
R? 0.890 0.954 0.800
Intraparticle diffusion equation
Kkine [mg/(gminl/2)] 0.37 0.53 0.25
R? 0.878 0.953 0.829

This equation can be written as
In(ge — q¢) = Inge — kyt (2)

where ge (mgg~1) and g (mgg~1) are the amount of MG sorbed
at equilibrium and at any time t, respectively, and k; (min~1) is
the rate constant for Lagergren-first-order sorption. The straight-
line plots of log(ge — g¢) against t of Eq. (2) were made at different
temperatures (288, 298 and 308 K). The parameters were summa-
rized in Table 1. From the linear correlation coefficients (R?), it is
seen that Lagergren equation does not represent a good fit with the
experimental data.

Pseudo-second-order kinetic model [23] can be expressed as
follows:

kg2 Qe
where k; (gmg-'min~!) is the rate constant for the pseudo-
second-order kinetic model. The ge and k; values were estimated
from the slope (1/qe) and intercept (1/kpq2) of linear plot of
t/qr versus t at different temperatures. The calculated parame-
ters were presented in Table 1. The linear correlation coefficients
were obtained to be 0.999, 0.998, and 0.996 for 288, 298 and
308K, respectively. This implies the validity of pseudo-second-
order kinetics for both temperatures. Also, as shown in Table 1,
due to fact that the calculated amounts of sorbed MG at equilib-
rium were close to experimental values, it can be said that sorption
of MG onto AL follows the pseudo-second-order kinetic model.
The initial rate of sorption was estimated from pseudo-second-
order kinetic model from the below equation:

ho.2 = kag? (4)

The results were presented in Table 1. The highest initial rate of
sorption was obtained at highest temperature (308 K) in the studied
temperature range.

The half-sorption time, t;;, known as the time required for the
sorption to take up half as much AL as its equilibrium value. This
time is often used as a measure of the adsorption rate [24].

1
fy2= kage

The half-sorption time values at different temperatures were pre-
sented in Table 1. The lowest half-sorption time was obtained at
highest studied temperature (308 K) in this study.

The Elovich rate equation was analyzed for applicability of
sorption data. The Elovich equation can be given by the below

(5)

expression
1 1
g = B In(xB) + B Int (6)

where B8 (gmg~') is related to the extent of surface coverage and
activation energy for chemisorption and @ (mgg~! min~1) is the
initial sorption rate. R? values for the Elovich equation were lower
than those for pseudo-second-model. It is known that the Elovich
equation is useful in describing sorption on highly heterogeneous
sorbents [25].

When the diffusion (internal surface and pore diffusion) of
MG molecules inside the adsorbent is the rate-limiting step, then
adsorption data can be given by the following equation [25-27]:

qe = k;t'/? (7)

where k; [mg/(g min'/2)] is the intraparticle diffusion rate constant.
The k; values are found from the slopes of g; versus t1/2 plots, as
presented in Fig. 3.

If the intraparticle diffusion is involved in the adsorption pro-
cesses, then the plot of the square root of time versus the amount of
sorbed (q¢) must give a straight line with a slope that equals k; and
an intercept equal to zero [28]. Namely, the intraparticle diffusion
would be controlling step if this line passed through the origin. As
can be seen from Table 1, the intraparticle diffusion did not con-
trol the adsorption process since the linear correlation coefficient
values of model for the plots were in the range 0.829-0.953. More-
over, since the plots do not pass through the origin, this indicative
of some degree of boundary layer control and this further shows
that the intraparticle diffusion is not the only rate controlling step,
but also other processes may control the rate of adsorption [25,27].

3.2. The effect of initial pH of solution

pH of the solution affects the surface charge of the adsorbents
as well as the degree of ionization of different pollutants. Change
of pH affects the adsorptive process through dissociation of func-
tional groups on the adsorbent surface active sites [24]. The effect
of initial solution pH on sorption of MG onto AL was shown in
Fig. 4. As can be seen in Fig. 4, when pH was increased from 3 to
5, the adsorption capacity increased significantly. However when
pH was increased from 5 to 10, adsorption reached equilibrium.
Furthermore pH value of 5 is the own pH value of MG solution.
Consequently acidic medium affected the adsorption negatively. At
low pH values, protonation of malachite green (pK, =10.3) occurs.
However, with increasing of pH, malachite green becomes more

12 4
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Fig. 3. Intraparticle diffusion plots at different temperatures.
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Fig. 4. The effect of initial pH of solution on adsorption of MG onto Luffa cylindrica
fibers. 20 ppm MG solution, 308 K, 0.05 g adsorbent, 200 min~".

deprotonated. It is probable that low sorption of malachite green at
low pH values indicates possibility of formation of positive charge
on the sorbent, thereby preventing the sorption of malachite green
onto itself. In addition to this, because of the electrostatic repulsion
among the sorbed positively charged dye cations, malachite green
sorption might have decreased atlow pH values. Moreover decreas-
ing of sorption below the pH value of 5, may be also attributed to
a competition between H* ions and protonated dye ions for the
sorption sites. Similar results were also reported by other studies
for MG sorption onto various sorbents [14,28,29].

3.3. Adsorption isotherms

The adsorption isotherm is the most important information
which indicates how the adsorbate molecules distribute between
the liquid phase and the solid phase when the adsorption pro-
cess reaches an equilibrium state. To optimize the design of an
adsorption system for the adsorption of adsorbates, it is important
to establish the most appropriate correlation for the equilib-
rium curves. Various isotherm equations like those Langmuir,
Freundlich, and Dubinin-Radushkevich were used to describe the
equilibrium characteristics of adsorption. The linear form of Lang-
muir isotherm is expressed as

Ce/qe = 1/(Lgm) + (Ce/qm) (8)

where g is the amount of dye adsorbed per unit weight of
adsorbentatequilibrium (mg g-1)and Ce is the equilibrium concen-
tration of dye in solution (mgL~!). The constant g, is the monolayer
sorption capacity (mgg~1) and L is related with the energy of the
adsorption (Lmg~1). Plots of Ce/qe versus Ce (Fig. 5) yield a straight
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Fig. 5. Linearized Langmuir isotherms at different temperature.

Table 2
Langmuir, Freundlich, and Dubinin-Radushkevich model constants and correlation
coefficients for sorption of MG onto Luffa.

Langmuir isotherm

Temperature (K) L(Lmg") gm (mgg") Ry R?
288 0.33 21.6 0.0296 0.993
298 0.41 23.8 0.0237 0.998
308 0.28 294 0.0349 0.996
Freundlich isotherm

Temperature (K) ne Ky (mgg1) R?
288 4.1 8.4 0.867
298 2.4 9.5 0.937
308 3.8 10.4 0.891

Dubinin-Radushkevich Isotherm

Temperature (K) B (mol?J-2) Xm (molg—) E (kjmol-1) R?

288 2.0x 107 1.446 x 10~ 15.8 0.924
298 2.0x10°° 1.12x 104 15.8 0.946
308 2.0x107° 2.070 x 104 15.8 0.899

line with slope 1/qm and intercept 1/qmL. Table 2 lists the maxi-
mum adsorption capacity qm values for malachite green sorption
onto the AL at different temperatures.

The essential characteristics of the Langmuir isotherm can be
expressed in terms of dimensionless constant separation factor Ry
given by [30,31]

1
T1+LxG

where L is the Langmuir constant and Cy is the highest initial dye
concentration (mgL-1). According to the value of R (Table 3) the
type of sorption may be interpreted as follows: values of Ry calcu-
lated at 288, 298 and 308K are in range between 0 and 1 which
indicate that the adsorption is favorable at operation conditions
studied.

The Freundlich isotherm [32] is an empirical equation based
upon a heterogeneous surface. A linear form of the Freundlich
expression can be presented as below

RL (9)

log ge = log K¢ + n¢ log Ce (10)

A plot of log ge versus log Ce enables to determine the constant K¢
and n¢. K¢ represents the quantity of dye adsorbed onto adsorbent
for an equilibrium concentration. The slope n¢, ranging between 0
and 1, is a measure of adsorption intensity or surface heterogene-
ity, becoming more heterogeneous as its value gets closer to zero.
These values together with the correlation coefficients are summa-
rized in Table 2. Based upon the correlation coefficients (R?) shown
in Table 2, it can be said that the adsorption data can be described
by Langmuir equation. Also, the fit of the experimental data to
Langmuir equation is better than that of Freundlich equation.

In order to calculate the mean free energy value of sorption,
Dubinin-Radushkevich (DR) isotherm has also been applied for the
sorption of MG onto AL. The DR equation can be defined by the
following equation [33,34]

Inge = In Xy, — Be? (11)

Table 3
Ry values of Langmuir isotherm.

Value of R. Type of adsorption
R.>1.0 Unfavorable
R.=1.0 Linear

O<Ry <1 Favorable

R.=0 Irreversible
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Fig. 6. The suitability equilibrium data in Freundlich, Langmuir and DR isotherms
at 308 K.

where B is the constant related to sorption energy (mol?J=2), Xp,
is the Dubinin-Radushkevich monolayer capacity (molg=1), ge is
the amount of dye sorbed per unit weight of AL (mgg™1), ¢ is the
Polanyi potential which can be obtained as follows:

1
&=RT In (1+—) (12)
Ce

where Ce is the equilibrium concentration of dye (molL-1), R gas
constant (8.314Jmol~! K-1) and T the temperature (K). By plotting
Inge versus €2, it is possible to determine the value of B from the
slope and the value of X, from the intercept, which is In Xp,.

The mean free energy E (k] mol~1) of sorption can be estimated
by using § values as expressed in the following equation [35-37].

1
E=—— _ (13)
2p)"?

The parameters obtained using above equations were summarized
in Table 2. Adsorption capacity (Xm) values increased with the
increasing of temperature from 288 to 308 K. Since E values are
in the range 8-16 k] mol-! the adsorption type can be considered
as ion exchange. However, we must take lower compatibility of
sorption data to DR isotherm into consideration.

Fig. 6 shows the fitted equilibrium data in Freundlich, Langmuir
and DR isotherms. It can be seen in Fig. 6 that Langmuir isotherm
fits the data better than Freundlich and DR isotherms. This is also
confirmed by the high value of R? in case of Langmuir (0.996) com-
pared to Freundlich (0.891) and DR (0.899) and this indicates that
the adsorption of MG on AL takes place as monolayer sorption on a
surface that is homogenous in sorption affinity.

AL sorbent used in this work had a relatively large sorption
capacity (29.3mgg~!) compared to some other sorbents reported
in the literature, such as bentonite clay [38] (7.72mgg~!, T=35°C),
Arundo donax root carbon [39] (8.7mgg~1, T=30°C) and activated
charcoal [40] (0.179mgg~!, T=30°C). This indicates that L. cylin-
drica is effective to remove MG from aqueous solutions.

3.4. Thermodynamic parameters

Thermodynamic parameters such as Gibbs free energy change
(AG®), enthalpy change (AH°), and entropy change (AS°) were
estimated for MG sorption onto AL. AG° values at different tem-
peratures were calculated from the following equations

AG® = —RT InKy (14)

R’ =0.98

3.2

3.04

InK,

28 4

2.6 1

3.23 3.28 3.33 3.38 3.43
3
1/Tx10

Fig. 7. Plot of In Ky versus 1/T.

qe
Ce

where e is the amount of MG (mg) sorbed by AL per L of solution
at equilibrium, Ce is the equilibrium concentration (mgL-1) of MG
in solution, Ky is the distribution coefficient for the sorption.

The average standard enthalpy change (AH°) is obtained from
Van't Hoff equation:

—AH° AS°

RT TR
where T is the absolute temperature, R is gas constant
(8.314]mol~1 K-1). From the slope and the intercept of the plot of
In K4 versus 1/T, as presented in Fig. 7, AH® and AS° values were cal-
culated. The calculated parameters by using above equations were
presented in Table 4.

As can be seen in Table 4, AG° values were obtained to be
—6.1, —7.1 and —8.7 k] mol~! for 288, 298 and 308 K, respectively.
Negative value of Gibbs free energy values shows the sponta-
neous nature of MG sorption on AL. The positive value of enthalpy
change (AH°) indicates endothermic nature of sorption. Endother-
mic nature of process is an expected result because of the fact
that Langmuir monolayer capacity increases with increasing tem-
perature. The positive value of AS° demonstrates some structural
changes at the solid-liquid interface. Besides, the positive AS°
favors ion exchange and stability of sorption [21].

The absolute magnitude of AG® may give an idea about the
type of adsorption. Chemisorption has an energy range 80-400 k]
per unit mole, physical sorption has a range 0 to —20Kk] per unit
mole [41]. Since AG° values obtained in this study are in the range
0 to —20k]mol~!, sorption of MG onto AL can be considered as
physisorption process.

Ky = (15)

and =

(16)

3.5. FTIR results

FTIR spectra of alkalized Luffa (AL) and malachite green sorbed
alkalized Luffa (MGAL) were presented in Fig. 8. A broad band at
about 3418 cm~! could be assigned to OH~ stretching vibrations
of AL. After adsorption of malachite green, this band shifted to
3424cm~! and became sharper. The bands at about 2915cm™!

Table 4
Thermodynamic parameters for the sorption of MG onto L. cylindrica.
AH° (kJmol~1) AS° (Jmol 1) AG° (kjmol-1)
288K 298K 308K
32.1 132.2 —6.1 -7.1 -8.7




A. Altimigik et al. / Journal of Hazardous Materials 179 (2010) 658-664 663

. 1088
/M 1110
f‘ '\\ rasy 1035 1426 | 138 10
f Mg e
\ M\ M\ \
[ L ™ e {0 I "5
\ N\ \
\ /) [\ \ } \
\ Ju’ 1\ f \ F'vf s \ 7
\ \/ \595 660 | S60
N\ ;
N\ i \ }-’\\
J - '\ﬂ g N\
= | 3424 N / Vo \\
s - e s \
=
< / 1617
{ MGAL
1385
\ [\ 15
| \ 2027 || 1487 1049 B o9
| \ 2866 [\ |/ \ Sk seT
{ :'
1 .I
! \
4000 3200 2400 1800 1400 1000 600

cm!

Fig. 8. FTIR spectra of AL and MGAL.

correspond to CH, and CHj stretching vibrations. As can be seen
from the spectrum of MGAL, this band split in two at 2927 and
2866 cm~'. The band at 2866 cm~! seems to be a shoulder. The band
H-0-H bending of adsorbed water which was seen at 1635 cm™!
in the spectrum of AL decreased to 1617 cm~! and became sharper
after MG adsorption. Benzene ring stretching (lignin) in the spec-
trum of AL which was detected at 1506cm~! disappeared after
MG adsorption. CH, and CH3 bending was located at 1426 cm™1.
C-H bending was seen at 1383 cm~'. However, the intensities of
these bands became weaker after MG adsorption. C-O-C antisym-
metric bridge in stretching in cellulose and hemicelluloses was
located at 1162 cm~!. This band cannot be seen clearly after MG
adsorption. C-OR stretching (cellulose) was observed at 1058 cm~1.
B-Glucosidic linkage was recorded at 896cm~! and shifted to
867 cm~! as a consequence of MG adsorption. As a result, FTIR anal-
ysis revealed some changes which occur on functional groups of
AL.

4. Conclusion

With this study, it has been shown that L. cylindrica can be
used as efficient adsorbent for the removal of malachite green
from aqueous solution. Experimental data provided best fit with
Langmuir equation, indicating monolayer sorption on a homoge-
nous surface. Monolayer sorption capacity which increased with
the increasing of temperature in the range 288-308 K for malachite
green sorption was obtained to be 29.4 mg g~! at 308 K. Sorption of
malachite green on L. cylindrica seems to be favorable process. The
kinetic study demonstrates that sorption process follows pseudo-
second-order kinetic model. The lowest half-sorption time was
obtained at 308 K in the studied temperature range. From thermo-
dynamic study spontaneous and endothermic nature of sorption
were observed. When pH of the solution increased from 3 to 5, the
amount of adsorbed malachite green also rose up. Beyond pH 5, the
amount of adsorbed malachite green remained constant. In other
words, malachite green sorption from aqueous solution onto AL
was unfavorable at pH<5.
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